1. Introduction {#sec1}
===============

Chemical bond dissociation energy, which is also called chemical bond energy, is the foundation for the understanding of stability, chemical reactivity, and physical property of compounds. Because of the large variety and quantity of compounds and that the bond energy of a kind of chemical varies with the change of chemical environment, acquisition of bond energy data is a formidable task. In order to accumulate the data, experimental and theoretical calculation methods were developed.^[@ref1],[@ref2]^ For example, bond energies were experimentally measured by techniques such as reaction kinetics,^[@ref3]^ thermochemical cycle^[@ref4]^ spectrometry,^[@ref5]−[@ref9]^ and electrochemistry.^[@ref10]^ For these technologies, the introductions provided by Cottrell^[@ref11]^ and Luo^[@ref12],[@ref13]^ are comprehensive. Nonetheless, with endless chemical compounds, it is impossible to determine all their chemical bonds experimentally. As a supplement to experimental methods, theoretical calculations can be conducted to obtain bond energy data. For such an end, ab initio method,^[@ref14],[@ref15]^ density functional theory,^[@ref16]^ n-layered integrated molecular orbital and molecular mechanics,^[@ref17]^ semi-empirical method,^[@ref18]^ and many others are used. With the advancement in the field of computer technology, it is now facile to calculate bond energies of complex molecules accurately.^[@ref19]−[@ref27]^ In addition, there are some simple and effective empirical estimation methods for such a purpose.^[@ref28],[@ref29]^ For example, by extending the Pauling's bond energy equation ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}), Zavitsas^[@ref28]^ proposed a method to estimate the bond dissociation energy among organic groups of polyatomic molecules by substituting the electronegativity of groups for that of atoms.

Further, Zavitsas^[@ref28]^ obtained [eqs [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} from [1](#eq1){ref-type="disp-formula"} to express the bond energy relationship between two kinds of compounds: A--X and B--X.

In [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}, "*D*" stands for bond energy; A, B, and X are groups such as Me, Et, *i*Pr, *t*Bu, Allyl, Bz, SiH~3~, and SiMe~3~, while χ\[X\] is the Pauling electronegativity of group X. In [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, the constant "*a*" is "1/2(*D*\[A--A\] -- *D*\[B--B\]) + 23{(χ\[A\])^2^ -- (χ\[B\])^2^}" and the slope "*b*" is "46(χ\[B\] -- χ\[A\])". The significance of [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} is that the bond dissociation energies of a kind of B--X compounds can be quickly estimated by employing those of other kind of A--X compounds by adopting "*D*\[A--X\] = *a* + *D*\[B--X\]) + *b*(χ\[X\]". In organic compounds, the C--X bond energy of substituted methane Me--X is the most widely determined, and the bond energy data are abundantly available. If one can use the C--X bond energy of Me--X to estimate the C--X dissociation energy of related compounds, more C--X bond energy data would be accumulated. In this paper, we explore the relationship between the "C(sp^3^)--X" bond energy of substituted methane (Me--X) and the "C(sp^2^)--X" bond energy of substituted benzene (Ph--X).

Based on research experience, the difficulty of using [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} for bond energy correlation between Me--X and Ph--X is the poor availability of group electronegativity χ\[X\]. The group electronegativity χ\[X\] used in Zavitsas's work^[@ref28]^ was obtained by solving [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, in which the A--A, X--X, and A--X bond energies were involved. However, the energies for the dissociation of X--X bonds are mostly unknown because of experimental difficulty. With χ\[X\] missing, the application of [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} is impossible. We envisage that if the electronegativity of group X can be reliably obtained through theoretical calculation using the equalized electronegativity method, the relationship between C--X bond energy of Me--X and that of Ph--X can be established. The goal is make use of the abundantly available Me--X bond energy data of Me--X to achieve the estimation of the Ph--X bond energy. Generally speaking, the latter has not been experimentally measured and is not possible to calculate using [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} because of the lack of group electronegativity.

2. Factors Affecting C(sp^3^)--X and C(sp^2^)--X Bond Energies {#sec2}
==============================================================

Generally, when group X is attached to a C atom of sp^2^ and sp^3^ hybrid state to form C(sp^2^)--X and C(sp^3^)--X bond, respectively, *D*\[C(sp^2^)--X\] is larger than *D*\[C(sp^3^)--X\]. For example, when group X is the same, the bond energy of Me--X and that of Ph--X exhibit a pattern of *D*\[Ph--X\] \> *D*\[Me--X\]. There are a number of factors that would lead to such a phenomenon. First, for the Ph--X and Me--X molecules, the C atom that links to group X is sp^2^- and sp^3^-hybridized, respectively. The electronegativity of the sp^2^ hybrid orbit is different from that of the sp^3^ hybrid orbit, and thus, the bond energy of C(sp^2^)--X is also different from that of C(sp^3^)--X. Second, with group X connected to methane and benzene, the methyl (Me) and phenyl (Ph) part of the substituted molecules are subject to the field/inductive effect (σ~F~\[X\]) of group X. Because the Me and Ph moieties are different in electronegativity, the degrees of the electronic effect experienced by them are different. In addition, the conjugated effect (σ~R~\[X\]) of group X acts on the methyl C--H bond to induce σ-hyperconjugation, and on the phenyl ring to form a conjugated π electron system, and the conjugated intensity of the latter is larger than that of the former. It can be realized that if [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} is directly applied to quantify the correlation between *D*\[Me--X\] and *D*\[Ph--X\] without having the field/inductive and conjugated effects of group X duly considered, there would be large error in the estimation. In other words, if [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} is to be extended for quantitative correlation between *D*\[Me--X\] and *D*\[Ph--X\], the field/inductive and conjugated effects of the X group on bond energies must be obtained for. Inspired by the (Δχ)^2^ term of [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} for estimating *D*\[A--B\], we modify [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} by introducing an action term of group X electronic effects on bond energy. Taking hydrogen atom H as a reference, we obtain [eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"} to express the relationships of *D*\[Me--X\] versus *D*\[H--X\] and *D*\[Ph--X\] versus *D*\[H--X\], respectively.

In organic chemistry, it is common to take H atom as the reference for the study of the substituent effect, with the σ~F~\[H\] and σ~R~\[H\] values of H atom designated as 0. Therefore, by combining [eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"}, we derived [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} to express the relationship between *D*\[Ph--X\] and *D*\[Me--X\].where *c*, *d*, *e*, and *f* are coefficients, χ\[X\] is the electronegativity of group X calculated according to the valence electron equalized electronegativity method,^[@ref30]^ whereas σ~F~\[X\] and σ~R~\[X\] are field/inductive effect constant and conjugated effect constant of group X, respectively.^[@ref31]^

3. Results and Discussion {#sec3}
=========================

Taking methyl (CH~3~) and methoxy (OCH~3~) as examples, the calculation of group electronegativity χ\[X\] is depicted as follows.(1)Calculation of χ\[CH~3~\]

Considering that the CH~3~ unit contains one C and three H atoms, the valence electron numbers of C and H are 4 and 1 respectively, and the Pauling electronegativity of C and H is 2.55 and 2.20, respectively(2)Calculation of χ\[OCH~3~\]

First, χ\[CH~3~\] is calculated using [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}, and with CH~3~ regarded as a quasi atom, χ\[CH~3~\] is introduced into [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}. Because the valence electron number of O atom is 6, and the Pauling electronegativity of O atom is 3.44

3.1. Bond Energy Relationship between *D*\[Ph--X\] and *D*\[Me--X\] {#sec3.1}
-------------------------------------------------------------------

Adopting the known *D*\[Ph--X\] of Ph--X compounds and *D*\[Me--X\] of the corresponding Me--X compounds ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}),^[@ref1],[@ref2]^ we introduced the χ\[X\], σ~F~\[X\], and σ~R~\[X\] of group X into [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} to carry out regression to obtain [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}.

###### Bond Energies *D*\[Me--X\] and *D*\[Ph--X\] (kJ·mol^--1^) of Me--X and Ph--X Compounds and the Electronegativity and Substituent Constants of Group X

  no.   X                 σ~F~\[X\][a](#t1fn1){ref-type="table-fn"}   σ~R~\[X\][a](#t1fn1){ref-type="table-fn"}   χ\[X\][b](#t1fn2){ref-type="table-fn"}   *D*\[Me--X\][c](#t1fn3){ref-type="table-fn"}   *D*\[Ph--X\][c](#t1fn3){ref-type="table-fn"}
  ----- ----------------- ------------------------------------------- ------------------------------------------- ---------------------------------------- ---------------------------------------------- ----------------------------------------------
  1     H                 0.00                                        0.00                                        2.20                                     439.3                                          472.2
  2     OH                0.33                                        --0.70                                      3.26                                     384.9                                          463.6
  3     F                 0.45                                        --0.39                                      3.98                                     460.2                                          525.5
  4     Cl                0.42                                        --0.19                                      3.16                                     350.2                                          399.6
  5     Br                0.45                                        --0.22                                      2.96                                     294.1                                          336.4
  6     I                 0.42                                        --0.24                                      2.66                                     238.9                                          272.0
  7     CH~3~             0.01                                        --0.18                                      2.40                                     377.4                                          426.8
  8     CF~3~             0.38                                        0.16                                        3.16                                     423.4                                          463.2
  9     CH~2~Cl           0.13                                        --0.01                                      2.54                                     375.7                                          429.7
  10    CH~2~Br           0.14                                        0.00                                        2.51                                     381.6                                          421.7
  11    CH~2~I            0.12                                        --0.01                                      2.47                                     384.5                                          432.6
  12    C~2~H~5~          0.00                                        --0.15                                      2.43                                     370.3                                          419.2
  13    *n*C~3~H~7~       0.01                                        --0.14                                      2.43                                     372.0                                          421.7
  14    *i*C~3~H~7~       0.04                                        --0.19                                      2.46                                     369.0                                          413.8
  15    *n*C~4~H~9~       --0.01                                      --0.15                                      2.43                                     371.5                                          420.9
  16    *i*C~4~H~9~       --0.01                                      --0.11                                      2.46                                     370.3                                          421.3
  17    *t*C~4~H~9~       --0.02                                      --0.18                                      2.49                                     363.6                                          400.8
  18    *c*C~6~H~11~      0.03                                        --0.18                                      2.44                                     377.0                                          413.0
  19    C~6~H~5~          0.12                                        --0.13                                      2.53                                     426.8                                          478.6
  20    CH(C~6~H~5~)~2~   0.01                                        --0.06                                      2.49                                     315.9                                          361.1
  21    C≡CH              0.22                                        0.01                                        2.54                                     529.3                                          590.8
  22    CH=CH~2~          0.13                                        --0.17                                      2.47                                     426.3                                          482.0
  23    CH~2~CH=CH~2~     --0.06                                      --0.08                                      2.44                                     317.6                                          366.5
  24    CH~2~OH           0.03                                        --0.03                                      2.55                                     364.8                                          413.4
  25    OCH~3~            0.29                                        --0.56                                      3.29                                     349.8                                          416.7
  26    OC~2~H~5~         0.26                                        --0.50                                      3.30                                     348.1                                          416.7
  27    OC~6~H~5~         0.37                                        --0.40                                      3.31                                     268.6                                          332.2
  28    C(O)H             0.33                                        0.17                                        3.00                                     354.8                                          408.4
  29    C(O)Cl            0.46                                        0.15                                        3.09                                     367.8                                          417.6
  30    C(O)CH~3~         0.33                                        0.17                                        3.02                                     351.9                                          406.7
  31    C(O)C~6~H~5~      0.31                                        0.12                                        3.03                                     355.6                                          396.2
  32    COOH              0.34                                        0.11                                        3.10                                     384.9                                          429.7
  33    COOCH~3~          0.34                                        0.11                                        3.10                                     387.4                                          436.8
  34    SH                0.30                                        --0.15                                      2.53                                     312.5                                          360.7
  35    SCH~3~            0.23                                        --0.23                                      2.55                                     307.9                                          357.6
  36    SC~2~H~5~         0.26                                        --0.23                                      2.56                                     307.1                                          354.0
  37    SC~6~H~5~         0.30                                        --0.23                                      2.57                                     278.2                                          327.6
  38    NO                0.49                                        0.42                                        3.26                                     172.0                                          226.8
  39    NO~2~             0.65                                        0.13                                        3.32                                     260.7                                          295.8
  40    NH~2~             0.08                                        --0.74                                      2.80                                     356.1                                          429.3
  41    CN                0.51                                        0.15                                        2.82                                     521.7                                          553.5
  42    CH~2~NH~2~        0.04                                        --0.15                                      2.49                                     346.0                                          394.1
  43    NHCH~3~           0.03                                        --0.73                                      2.83                                     343.9                                          420.9
  44    CH~2~CN           0.17                                        0.01                                        2.49                                     348.1                                          386.6
  45    N(CH~3~)~2~       0.15                                        --0.98                                      2.86                                     328.9                                          389.9
  46    NHC~6~H~5~        0.22                                        --0.78                                      2.85                                     298.7                                          365.7
  47    NHNH~2~           0.22                                        --0.77                                      2.89                                     295.8                                          370.7

σ~F~ is field/inductive effect parameter and σ~R~ is conjugated effect parameter. They were taken from ref ([@ref31]).

χ\[X\] is electronegativity of group X, calculated according to the equalized electronegativity method.^[@ref30]^

Measured bond energy, they were taken from refs ([@ref1], [@ref2]).

The correlation coefficient *R* of [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} is 0.9999, and the standard error *S* is only 6.88 kJ·mol^--1^. The average absolute error between *D*\[Ph--X\] value calculated by [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} and the experimental value is 5.06 kJ·mol^--1^, which is within experimental uncertainty. The results suggest that the relationship between *D*\[Ph--X\] and *D*\[Me--X\] is well expressed by [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}.

We also considered using the electronegativity χ\[X\] of group X and *D*\[Me--X\] of Me--X without using the electronic effect parameters σ~F~\[X\] and σ~R~\[X\] for the quantification of *D*\[Ph--X\]. We introduced *D*\[Ph--X\], *D*\[Me--X\], and χ\[X\] into [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} and carried out regression once again. The outcome is [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"}.

Compared with [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}, the correlation coefficient of [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} obviously worsens, and the standard error *S* increases from 6.88 to 11.12 kJ·mol^--1^. The results confirm that the electronic effects of group X has an undeniable effect on the C(sp^2^)--X bond energy.

3.2. Relationship between *D*\[C~2~H~3~--X\] and *D*\[Me--X\] {#sec3.2}
-------------------------------------------------------------

As for the substituted ethylene molecules CH~2~=CH--X (C~2~H~3~--X), the C~2~H~3~--X bond is also a C(sp^2^)--X bond. The electronic effect of group X on vinyl (CH~2~=CH) is similar to that on phenyl (Ph). Therefore, it can be expected that [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} should also be applicable to express the relationship between the bond energy of C~2~H~3~--X and that of Me--X. We introduced *D*\[C~2~H~3~--X\] of C~2~H~3~--X compounds and *D*\[Me--X\] of the corresponding Me--X compounds ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}),^[@ref1],[@ref2]^ as well as χ\[X\], σ~F~\[X\], and σ~R~\[X\] of group X into [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} for regression and obtained [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}.

###### *D*\[Me--X\] and *D*\[C~2~H~3~--X\] (kJ·mol^--1^) for Compounds Me--X and C~2~H~3~--X and Electronegativity and Substituent Constants of Group X

  no.   X               σ~F~\[X\][a](#t2fn1){ref-type="table-fn"}   σ~R~\[X\][a](#t2fn1){ref-type="table-fn"}   χ\[X\][b](#t2fn2){ref-type="table-fn"}   *D*\[Me--X\][c](#t2fn3){ref-type="table-fn"}   *D*\[C~2~H~3~--X\][c](#t2fn3){ref-type="table-fn"}
  ----- --------------- ------------------------------------------- ------------------------------------------- ---------------------------------------- ---------------------------------------------- ----------------------------------------------------
  1     H               0.00                                        0.00                                        2.20                                     439.3                                          465.3
  2     OH              0.33                                        --0.70                                      3.26                                     384.9                                          464.8
  3     F               0.45                                        --0.39                                      3.98                                     460.2                                          517.6
  4     Cl              0.42                                        --0.19                                      3.16                                     350.2                                          383.7
  5     Br              0.45                                        --0.22                                      2.96                                     294.1                                          332.2
  6     I               0.42                                        --0.24                                      2.66                                     238.9                                          259.0
  7     CH~3~           0.01                                        --0.18                                      2.40                                     377.4                                          426.3
  8     C~2~H~5~        0.00                                        --0.15                                      2.43                                     370.3                                          418.4
  9     *n*C~3~H~7~     0.01                                        --0.14                                      2.43                                     372.0                                          416.3
  10    *i*C~3~H~7~     0.04                                        --0.19                                      2.46                                     369.0                                          415.1
  11    *n*C~4~H~9~     --0.01                                      --0.15                                      2.43                                     371.5                                          420.9
  12    *i*C~4~H~9~     --0.01                                      --0.11                                      2.46                                     370.3                                          420.9
  13    *s*C~4~H~9~     --0.02                                      --0.10                                      2.49                                     368.2                                          416.7
  14    *t*C~4~H~9~     --0.02                                      --0.18                                      2.44                                     363.6                                          408.8
  15    C~6~H~5~        0.12                                        --0.13                                      2.53                                     426.8                                          482.0
  16    C≡CH            0.22                                        0.01                                        2.54                                     529.3                                          572.4
  17    CH=CH~2~        0.13                                        --0.17                                      2.47                                     426.3                                          489.1
  18    CH~2~CH=CH~2~   --0.06                                      --0.08                                      2.44                                     317.6                                          364.8
  19    CH~2~OH         0.03                                        --0.03                                      2.55                                     364.8                                          406.3
  20    OC~2~H~5~       0.26                                        --0.50                                      3.30                                     348.1                                          425.5
  21    OnC~3~H~7~      0.26                                        --0.51                                      3.30                                     354.8                                          431.0
  22    C(O)CH~3~       0.33                                        0.17                                        3.02                                     351.9                                          404.2
  23    COOH            0.34                                        0.11                                        3.10                                     384.9                                          435.6
  24    COOCH~3~        0.34                                        0.11                                        3.10                                     387.4                                          444.3
  25    SH              0.30                                        --0.15                                      2.53                                     312.5                                          347.3
  26    NO~2~           0.65                                        0.13                                        3.32                                     260.7                                          299.2
  27    NH~2~           0.08                                        --0.74                                      2.80                                     356.1                                          427.2
  28    CN              0.51                                        0.15                                        2.82                                     521.7                                          558.1

σ~F~ is field/inductive effect parameter and σ~R~ is conjugated effect parameter. They were taken from ref ([@ref31]).

χ\[X\] is electronegativity of group X, calculated by the equalized electronegativity method.^[@ref30]^

Measured bond energy, they were taken from refs ([@ref1], [@ref2]).

[Equation [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"} also has good correlation. The standard error *S* is only 8.29 kJ·mol^--1^. The average absolute error between the *D*\[C~2~H~3~--X\]value calculated by [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"} and experimental value is 6.00 kJ·mol^--1^, which is within experimental uncertainty.

When only χ\[X\] of group X and *D*\[Me--X\] are used for quantifying *D*\[C~2~H~3~--X\] without considering the electronic effect parameters σ~F~\[X\] and σ~R~\[X\] of group X, we obtained [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"}. The procedure is introducing *D*\[C~2~H~3~--X\], *D*\[Me--X\], and χ\[X\] into [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} for regression.

Compared with [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}, the correlation coefficient of [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"} significantly worsens and the standard error *S* increases from 8.29 to 13.57 kJ·mol^--1^. The results undoubtedly reveal that the electronic effect of group X has influence on the C(sp^2^)--X bond energy. From the outcomes of [eqs [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} and [10](#eq10){ref-type="disp-formula"}, it is clear that the electronic effects of group X on the C(sp^2^)--X bonds of Ph--X and C~2~H~3~C--X are similar.

3.3. Contribution of σ~F~\[X\] and σ~R~\[X\] {#sec3.3}
--------------------------------------------

It can be seen from [eqs [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} and [10](#eq10){ref-type="disp-formula"} that no matter whether *D*\[Ph--X\] or *D*\[C~2~H~3~--X\] is related to *D*\[Me--X\], the coefficient before variable *D*\[Me--X\] is close to 1. If the electronic effect parameters σ~F~\[X\] and σ~R~\[X\] of group X are removed, the results of [eqs [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} and [11](#eq11){ref-type="disp-formula"} are significantly worsened, indicating that the field/inductive effect and conjugated effect of group X have a strong influence on C(sp^2^)--X bond energy. In order to investigate their contribution, we use [eqs [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"} and [13](#eq13){ref-type="disp-formula"} to calculate their relative contribution Ψ~r~ and fractional contributionΨ~f~.^[@ref32]^

In [eq [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"}, *m*~*i*~ and *X*~*i*(av)~ are, respectively, the regression coefficient and average value of variable *i* in [eqs [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} or [10](#eq10){ref-type="disp-formula"}. The *R* of [eq [13](#eq13){ref-type="disp-formula"}](#eq13){ref-type="disp-formula"} is the correlation coefficient of [eqs [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} or [10](#eq10){ref-type="disp-formula"}. The contribution of each variable calculated by [eqs [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"} and [13](#eq13){ref-type="disp-formula"} are compiled in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}.

###### Relative and Fraction Contribution (Ψ~r~ and Ψ~f~) of Variables *D*\[Me--X\], χ\[X\], (σ~F~\[X\])^2^, and (σ~R~\[X\])^2^

  variable                                                                                *D*\[Me--X\]   χ\[X\]   (σ~F~\[X\])^2^   (σ~R~\[X\])^2^
  --------------------------------------------------------------------------------------- -------------- -------- ---------------- ----------------
  Ψ~r~ in [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}          354.56         55.27    --5.87           3.14
  Ψ~f~ (%) in [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}      84.63          13.19    1.40             0.75
  Ψ~r~ in [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}       376.66         49.09    --6.31           3.96
  Ψ~f~ (%) in [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}   86.36          11.26    1.45             0.91

It can be seen from [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} that *D*\[Me--X\] has major contribution to *D*\[Ph--X\] or *D*\[C~2~H~3~--X\] and that the bond energy of C(sp^2^)--X is closely related to the bond energy of C(sp^3^)--X. In other words, the bond energies of both C(sp^2^)--X and C(sp^3^)--X are dependent on the covalent properties of the C atom. As for the contribution of χ\[X\] to bond energy, the electronegativity difference between Ph or C~2~H~3~ and group X has to be considered. As additional electron effect of group X on the C(sp^2^)--X bond, the contribution of (σ~F~\[X\])^2^ and (σ~R~\[X\])^2^ to *D*\[Ph--X\] and *D*\[C~2~H~3~--X\] is 2.15 and 2.36%, respectively. Despite the contribution of (σ~F~\[X\])^2^ and (σ~R~\[X\])^2^ to the bond energy of C(sp^2^)--X is relatively in small proportion, they have special significance. For example, in Ph--X compounds, the average of 47 values of *D*\[Ph--X\] in [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} is 407.2 kJ·mol^--1^ and the average contribution of (σ~F~\[X\])^2^ and (σ~R~\[X\])^2^ items to bond energy is 407.2 × 2.15% = 8.75 kJ·mol^--1^. In C~2~H~3~--X compounds, the average of 28 values of *D*\[C~2~H~3~--X\] in [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"} is 423.3 kJ·mol^--1^ and the average contribution of (σ~F~\[X\])^2^ and (σ~R~\[X\])^2^ items to bond energy is 423.3 × 2.36% = 9.99 kJ·mol^--1^.

Luo^[@ref1]^ once pointed out that "the equilibrium constant of chemical bond dissociation reaction is very sensitive to bond energy. At 25 °C, in case the error of bond energy value is 1 kcal·mol^--1^ (i.e., 4.184 kJ·mol^--1^), the equilibrium constant will change by 540%. If the error of bond energy value is 2 kcal·mol^--1^ (i.e., 8.368 kJ·mol^--1^), the equilibrium constant will change by 2920%." In the present study, the average contribution of (σ~F~\[X\])^2^ and (σ~R~\[X\])^2^ items to *D*\[Ph--X\] or *D*\[C~2~H~3~--X\] is more than 8.368 kJ·mol^--1^, implying that *D*\[Ph--X\] or *D*\[C~2~H~3~--X\] can be finely adjusted by the field/inductive effect and conjugated effect of group X, and such an effect on *D*\[C(sp^2^)--X\] cannot be ignored.

It is worth noting that the coefficients in front of (σ~F~\[X\])^2^ in [eqs [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} and [10](#eq10){ref-type="disp-formula"} are all negative, whereas those in front of (σ~R~\[X\])^2^ are all positive. Because (σ~F~\[X\])^2^ and (σ~R~\[X\])^2^ values are always greater than or equal to zero (≥0), it is reckoned that the field/inductive effect of group X causes *D*\[C(sp^2^)--X\] to decrease, while the conjugated effect of group X causes *D*\[C(sp^2^)--X\] to increase. In other words, the field/inductive effect and conjugated effect of group X have opposite effects on *D*\[C(sp^2^)--X\]. The reason may be that the field/inductive effect of group X (whether electron-donating or electron-withdrawing) enhances the polarity but simultaneously weakens the covalent property of the C(sp^2^)--X bond. As for the conjugated effect of group X (whether electron-donating or electron-withdrawing), it increases the covalent property of the C(sp^2^)--X bond, inducing a certain double bond property (e.g., p-π conjugation of groups NH~2~, OH, Cl, etc.) to the C(sp^2^)--X bond. It is the net of field/inductive effect and conjugated effect of group X that imposes an influence on the C(sp^2^)--X bond. In addition, we attempted introducing parameters σ~F~\[X\] and σ~R~\[X\] instead of (σ~F~\[X\])^2^ and (σ~R~\[X\])^2^ into [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} for the estimation of *D*\[Ph--X\] and *D*\[C~2~H~3~--X\], respectively. The outcome is worsened correlation and significant increase of the standard error.

3.4. Estimation of *D*\[Ph--X\] and *D*\[C~2~H~3~--X\] {#sec3.4}
------------------------------------------------------

Based on [eqs [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} and [10](#eq10){ref-type="disp-formula"}, one can use the available values of *D*\[Me--X\], χ\[X\], σ~F~\[X\], and σ~R~\[X\] to estimate the values of *D*\[Ph--X\] and *D*\[C~2~H~3~--X\] which have not been experimentally measured. Because the coefficients in front of *D*\[Me--X\] of [eqs [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} and [10](#eq10){ref-type="disp-formula"} are close to 1, the accuracy of the estimated results is basically the same as that of *D*\[Me--X\]. For example, the measured *D*\[Me--CCl~3~\] of compound Me--CCl~3~ is 362.3 ± 6.3 kJ·mol^--1^, the χ\[X\], σ~F~\[X\], and σ~R~\[X\] of group CCl~3~ is 2.81, 0.28, and 0.09, respectively. Thus, the *D*\[Ph--CCl~3~\] of Ph--CCl~3~ is 406.3 ± 6.3 kJ·mol^--1^ according to [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}, and the *D*\[C~2~H~3~--CCl~3~\] of C~2~H~3~--CCl~3~ is 403.6 ± 6.3 kJ·mol^--1^ as calculated using [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}. The *D*\[Ph--X\] and *D*\[C~2~H~3~--X\] values estimated using [eqs [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} and [10](#eq10){ref-type="disp-formula"}, respectively, (a total of 86 values) are listed in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02964/suppl_file/ao0c02964_si_001.pdf).

Conversely, if there is a measured value of *D*\[Ph--X\] or *D*\[C~2~H~3~--X\] but no value of *D*\[Me--X\], the value of *D*\[Me--X\] can be estimated by [eqs [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} or [10](#eq10){ref-type="disp-formula"}. As regards to the standard error of [eqs [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} and [10](#eq10){ref-type="disp-formula"}, that of the former is smaller than that of the latter. It means that in case of equal measurement error of *D*\[Ph--X\] and *D*\[C~2~H~3~--X\], the estimation accuracy of [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} is better than that of [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}. Therefore, we estimate the value of *D*\[Me--X\] with [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} as far as possible. If the measurement error of *D*\[Ph--X\] is different from that of *D*\[C~2~H~3~--X\] and there is a larger difference between the error of *D*\[Ph--X\] and that of *D*\[C~2~H~3~--X\], the value of *D*\[Me--X\] should be calculated using the one with a smaller error. For example, there was no measured *D*\[Me--OC~2~H~3~\] value for compound Me--OC~2~H~3~, while the measured values of *D*\[Ph--X\] and *D*\[C~2~H~3~--X\] are 320.5 ± 20.9 and 326.8 ± 10.5 kJ·mol^--1^, respectively. It is known that the χ\[X\], σ~F~\[X\], and σ~R~\[X\] of group OC~2~H~3~ are 3.31, 0.34, and −0.43, respectively. Then, by means of calculation using [eqs [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} and [10](#eq10){ref-type="disp-formula"}, the *D*\[Me--OC~2~H~3~\] value is 259.4 ± 21.0 and 266.2 ± 10.4 kJ·mol^--1^, respectively. Based on the errors of *D*\[Ph--X\] and *D*\[C~2~H~3~--X\] and those of *D*\[Me--OC~2~H~3~\], the value of 266.2 ± 10.4 kJ·mol^--1^ with a smaller error should be closer to the actual *D*\[Me--OC~2~H~3~\] of Me--OC~2~H~3~. Thus, the value 266.2 ± 10.4 kJ·mol^--1^ can be recommended as the *D*\[Me--OC~2~H~3~\] of Me--OC~2~H~3~. Some estimated *D*\[Me--X\] values (a total of 8) are listed in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02964/suppl_file/ao0c02964_si_001.pdf). In case that only measured *D*\[Me--X\] value is in hand and the σ~F~\[X\] and σ~R~\[X\] parameters of group X are not available, [eqs [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} and [11](#eq11){ref-type="disp-formula"} can be employed to roughly estimate *D*\[Ph--X\] and *D*\[C~2~H~3~--X\], respectively. Nonetheless, a larger error is expected when these methods are applied.

To demonstrate the reliability of the estimated results, we conducted a large number of calculations using these methods. Using [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}, we obtained 47 *D*\[Ph--X\] values of Ph--X compounds ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) and the average absolute error of the measured values versus the calculated values is only 5.06 kJ·mol^--1^. For the 28 *D*\[C~2~H~3~--X\] values of C~2~H~3~--X depicted in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} calculated by [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}, the average absolute error of the measured values versus the calculated values is only 6.00 kJ·mol^--1^. It indicates that the calculated *D*\[Ph--X\] or *D*\[C~2~H~3~--X\] values are reliable when the *D*\[Me--X\] values and parameters χ\[X\], σ~F~\[X\], and σ~R~\[X\] of group X are available. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the plot of calculated *D*\[Ph--X\] and *D*\[C~2~H~3~--X\] versus their corresponding measured values. Taking the calculation of C~2~H~3~--OMe bond energy as an example, Bozzelli^[@ref33]^ once used the quantum chemical B3LYP/6-31G(d,P) method to calculate the dissociation energy of the C~2~H~3~--OMe bond and obtained a value of 420.9 kJ·mol^--1^. In the present study, the C~2~H~3~--OMe bond energy is estimated to be 419.3 kJ·mol^--1^ using the measured *D*\[Me--X\] value based on [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}, which is consistent with the result of Bozzelli. Using the same approach, we estimated 33 *D*\[Ph--X\] and 53 *D*\[C~2~H~3~--X\] values, none of which were experimentally measured before (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02964/suppl_file/ao0c02964_si_001.pdf)).

![Plot of calculated bond energies versus measured values for compounds Ph--X and C~2~H~3~--X (symbol O indicates *D*\[Ph--X\] calculated by [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}, and symbol Δ indicates *D*\[C~2~H~3~--X\] calculated by [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}).](ao0c02964_0001){#fig1}

For a number of C~2~H~3~--X compounds, the *D*\[C~2~H~3~--X\] values calculated by [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"} versus the measured values have large errors (see [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}), and it is likely that the measured values are not accurate. The reasons for the inaccuracy could be a result of using of an inappropriate method. Comparing the bond energies of Ph--X in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} with those of C~2~H~3~--X in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, it can be observed that in the case of equal group X, most of the measured values of *D*\[Ph--X\] and *D*\[C~2~H~3~--X\] are close to one another. However, the measured values of *D*\[Ph--X\] and *D*\[C~2~H~3~--X\] of equal group X in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} are quite different, while the calculated values of *D*\[Ph--X\] and *D*\[C~2~H~3~--X\] are close to one another. The measured *D*\[Ph--X\] value and calculated value of compound Ph--X in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} are also in good agreement. It is hence recognized that the calculated *D*\[C~2~H~3~--X\] value of this paper is closer to the actual bond energy of compound C~2~H~3~--X ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}).

###### Comparison of Measured *D*\[Ph--X\] and *D*\[C~2~H~3~--X\] (kJ·mol^--1^) with Calculated Values With Group X Variation

  ----------------------------------------------------------------- -------------- --------------- -------------
  X                                                                 CF~3~          *c*-C~6~H~11~   CH~2~CN
  *D*\[Ph--X\] (measured)[a](#t4fn1){ref-type="table-fn"}           463.2 ± 12.6   413.0 ± 8.4     386.6 ± 8.4
  *D*\[Ph--X\] (calculated)[b](#t4fn2){ref-type="table-fn"}         474.6          425.4           394.1
  *D*\[C~2~H~3~--X\] (measured)[a](#t4fn1){ref-type="table-fn"}     447.7 ± 12.6   382.0 ± 8.4     461.9 ± 8.4
  *D*\[C~2~H~3~--X\] (calculated)[c](#t4fn3){ref-type="table-fn"}   472.2          424.9           392.4
  ----------------------------------------------------------------- -------------- --------------- -------------

Measured bond energy was taken from refs ([@ref1], [@ref2]).

Calculated with [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}.

Calculated with [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}.

3.5. Estimation of α-Naphthyl--X Bond Energy {#sec3.5}
--------------------------------------------

Through data analysis, it was observed that the bond energy of α-naphthyl--X (denoted as *D*\[α-Np--X\]) of α-substituted naphthalene is extremely close to *D*\[Ph--X\] of Ph--X ([Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}), and there is a good linear relationship between *D*\[Ph--X\] and *D*\[α-Np--X\] as expressed by [eq [14](#eq14){ref-type="disp-formula"}](#eq14){ref-type="disp-formula"}. Therefore, for the estimation of *D*\[α-Np--X\], one can introduce the measured value of *D*\[Ph--X\] into [eq [14](#eq14){ref-type="disp-formula"}](#eq14){ref-type="disp-formula"} to obtain the corresponding *D*\[α-Np--X\] value.

###### Bond Energies (kJ·mol^--1^) of Some Ph--X and α-Naphthyl--X Compounds

  ---------------------------- ------- ------- ------- ------- -------
  X                            OH      Cl      Br      I       CH~3~
  *D*\[Ph--X\] kJ·mol^--1^     463.6   399.6   336.4   272.0   426.8
  *D*\[α-Np--X\] kJ·mol^--1^   468.6   402.9   339.7   274.5   434.3
  ---------------------------- ------- ------- ------- ------- -------

One can also introduce the expression of calculating *D*\[Ph--X\], namely, [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} into [eq [14](#eq14){ref-type="disp-formula"}](#eq14){ref-type="disp-formula"} to get [eq [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"}. Then, by directly introducing the measured *D*\[Me--X\] value and χ\[X\], σ~F~\[X\], and σ~R~\[X\] parameters of group X into [eq [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"}, it is possible to estimate the *D*\[α-Np--X\] of α-substituted naphthalene compounds. In this study, 80 *D*\[α-Np--X\] values of α-substituted naphthalene compounds were estimated by [eq [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"}, which are listed in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02964/suppl_file/ao0c02964_si_001.pdf).

4. Conclusions {#sec4}
==============

On the basis of the research results, we have obtained the following information: (1) the dissociation energy of C(sp^3^)--X and C(sp^2^)--X bonds is under the influence of a number of factors. Besides the covalent properties of C atom and the electronegativity χ\[X\] of group X, the field/inductive effect σ~F~\[X\] and conjugated effect σ~R~\[X\] of group X have additional influence on *D*\[C(sp^2^)--X\] of C(sp^2^)--X, which is consistent with the early theoretical analysis reported by Liu et al.^[@ref34],[@ref35]^ (2) The field/inductive effect of group X decreases *D*\[C(sp^2^)--X\], while the conjugated effect increases *D*\[C(sp^2^)--X\]. (3) Mathematic equations for quantification of relationship between the bond dissociation energy of Me--X and Ph--X (or C~2~H~3~--X) have been established, employing the valence electron equalized electronegativity χ\[X\] as well as the field/inductive effect σ~F~\[X\] and conjugated effect σ~R~\[X\] parameters of group X. With the obtained equations, it is possible to estimate the *D*\[Ph--X\] of Ph--X and *D*\[C~2~H~3~--X\] of C~2~H~3~--X from the relatively rich Me--X database. The obtained results of this paper not only deepen our understanding on the relationship between C(sp^3^)--X and C(sp^2^)--X dissociation energies but also make possible the estimation of a vast amount of *D*\[Me--X\], *D*\[Ph--X\], and *D*\[C~2~H~3~--X\]of related compounds.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02964](https://pubs.acs.org/doi/10.1021/acsomega.0c02964?goto=supporting-info).Measured and predicted values of *D*\[Me--X\], *D*\[Ph--X\], *D*\[C~2~H~3~--X\], and *D*\[α-Np--X\] of Me--X, Ph--X, C~2~H~3~--X, and α-naphthyl--X compounds ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02964/suppl_file/ao0c02964_si_001.pdf))
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